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NASA TT F-14,059 

INFLUENCE OF LIFT AND CRUISE ENGINE DESIGN ON THE TRANSITION CHARAC- 
TERISTICS AND GROUND ACOUSTIC FIELD OF VTOL TRANSPORT AIRCRAFT 

H. Pakendorf, G. Bottger 

ABSTRACT. A t r a n s i t i o n  technique f o r  m a x i m u m  horizontal  ac- 
ce l e ra t ion  i s  used t o  evaluate the  inf luence of engine design 
and thrust-vector cont ro l  on the  t r a n s i t i o n  cha rac t e r i s t i c s .  
It i s  shown t h a t  the  v e r t i c a l  balance of forces  i n  t r ans i t i on ,  
and hence the  t r a n s i t i o n  cha rac t e r i s t i c s ,  a r e  influenced d i r -  
e c t l y  by the input-output impulse r a t i o  and by the  thrust-  
vector  cont ro l  cha rac t e r i s t i c s  of t he  lift and c ru i s ing  en- 
gines, and i n d i r e c t l y  by optimal adaptation of t he  c ru i s ing  
engines t o  the  c ru is ing  f l i g h t  requirements and by the  number 
of l i f t  and c ru i s ing  engines in s t a l l ed .  A parametric ana lys i s  
of mixed and d i r e c t  lift configurat ions shows t h a t  th rus t -  
vector  con t ro l  over an angle of a t  l e a s t  30 deg f o r  t he  l i f t  
engines is e s s e n t i a l  f o r  ensuring sa fe  t r ans i t i on .  

1. Introduct ion and Problem Defini t ion 

Since i n  the case of VTOL and STOL a i r c r a f t  t he  se l ec t ion  and design 

of engine systems a r e  of dec is ive  importance, the  present paper w i l l  analyze 

the s p e c i f i c  effect of l i f t  and c r u i s e  engine design on t r a n s i t i o n  behavior 

and ground acoust ic  f i e l d  i n  order  t o  derive c e r t a i n  recommendations con- 

cerning t h e  choice and design of engine systems. 

VTOL a i r c r a f t  with a takeoff weight of approximately 52 t were se lec ted  

as  reference a i r c r a f t  f o r  the  invest igat ion;  the  engine systems of these air- 

c r a f t  can be var ied over a la rge  range with respect  t o  number of engines, by- 

pass r a t i o  and th rus t  angles of the l i t t  and c r u i s e  engines. 

a configurat ion with a f u l l y  ro t a t ab le  th rus t  vector  of t h e  cruise engine 

(mixed l if t  configuration) i s  compared with an a i r c r a f t  with a c ru i se  engine 

th rus t  t h a t  cannot be ro t a t ed  o r  def lected ( d i r e c t  l i f t  configuration).  

addition, within a c e r t a i n  range the  e f f e c t  of wing loads and the  f l a p  system 

i s  t o  be included i n  the  invest igat ion.  

Spec i f ica l ly ,  

I n  

*Numbers i n  the  margin ind ica t e  pagination i n  the  foreign text. 
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I n i t i a l l y ,  the engine parameters a f fec t ing  the horizontal  and v e r t i c a l  

fo rce  equilibrium w i l l  be determined qua l i t a t ive ly  by dimensioning t h e  en- 

gine during the t r ans i t i on ;  l a t e r ,  parametric s tud ie s  w i l l  be used t o  deter-  

mine t h e i r  inf luence qua l i t a t ive ly .  I n  order  t o  make the  unambiguous corre- 

l a t i o n  of cont ro l  values a f f ec t ing  the  t r ans i t i on ,  such as  engine thrus t  

angle, f l i g h t  a t t i t u d e  o r  a t t ack  angle, and a l so  the  v e r t i c a l  ve loc i ty  and 

acce lera t ion  components possible,  a t r a n s i t i o n  p r o f i l e  wi th  constant  a l t i t u d e  

and maximum horizontal  accelerat ion i s  used and the  process b r i e f l y  explained. 

For the  determination of the  ground acoust ic  f ie ld ,  the t r a n s i t i o n  pro- 

f i l e  f o r  r i s i n g  f l i g h t  paths f o r  engine systems planned f o r  the  period of 

1975/80 i s  es tab l i shed  so t h a t  a minimum noise  effect may be expected under 

the  preva i l ing  conditions.  I n  addition, d i rect  operating costs per  seat-km 

are estimated f o r  such’a f l i g h t  p r o f i l e  and compared w i t h  cos t s  f o r  a ground- 

/2 
- ‘ v i c i n i t y  p ro f i l e .  

2. Transi t ion a t  Constant Alti tude wi th  Optimum Choice of Angles of 

Attack an’d Thrust  Control 

I n  addi t ion  t o  the  effect of l i f t  and c r u i s e  engine design, aerodynamic 

design, and a i r c r a f t  configuration, t o  be s p e c i f i c a l l y  inves t iga ted  here, 

t he  t r a n s i t i o n  process is determined by the following f ac to r s t  

angle of r o t a t i o n  of the  th rus t  vector  of t he  cruise engine, 0; 

angle of ro t a t ion  of the  th rus t  vector  of the l i f t  angle, e ;  
rate of ro t a t ion  of the th rus t  vectors,  

a t t i t u d e  angle of the  a i r c r a f t  o r  angle of attack, 8, a; 
wing f l a p  angle, Ilk; 
i n i t i a l  v e r t i c a l  veloci ty ,  

i n i  ti a1 v e r t  i c  a1 accelerat ion,  

do /d t ;  d e /d t ;  

v = dh/dt; 
V 

= d2 h/dt2. 
bV 

While observing sa fe ty  rules and the  requirements of a t t i t u d e  control ,  

d i f f e r e n t  t r a n s i t i o n  processes can be es tab l i shed  by varying the aforemen- 

t ioned fac tors .  

a u t h o r i t i e s  f o r  t he  s t a r t i n g  and landing procedures of c i v i l  VTOL t r a f f i c  

a i r c r a f t ,  and i n  order  t o  def ine the cor re la t ion  of the f a c t o r s  as c lose ly  

as poss ib le  f o r  the purposes of the  inves t iga t ion  of engine parameters, a 

theo re t i ca l ly  optimum t r a n s i t i o n  process was chosen f o r  the inves t iga t ion ,  

which y i e lds  maximum horizontal  accelerat ion and thus minimum values of time, 

Since no guidel ines  have been issued by the  a i r  t raff ic  

2 



consumption and distance,  a t  constant f l i g h t  a l t i t u d e  (de ta i led  descr ip t ion  

i n  [l, 2)). 

f ined,  which (as w i l l  be shown) leads t o  co r rec t  t rends and comparable re- 
s u l t s  i p  comparison with ac tua l  use prof i les .  

A method s u i t a b l e  f o r  comparative considerat ions i s  thus de- 

The e n t i r e  process from s t a r t  t o  aerodynamical f l i g h t  i s  performed i n  

the  following sec t ions  (Figure 1 ) r  

Phase I 
Phase I1 

Ver t ica l  r i s e  t o  a predetermined t r a n s i t i o n  a l t i t u d e ;  
Transi t ion a t  constant a l t i t u d e  (dh/dt = 0) through the  

simultaneous ro t a t ion  of the c ru i se  and l i f t  t h r u s t  vector  

t o  a maximum def lec t ion  angle of t he  l i f t  vector ;  max 

Phase I11 Additional ro t a t ion  o f  the  c ru i se  th rus t  vector  t o  a minimum 
value of amin a t  constant 

Sui tab le  t h r o t t l i n g  of the  l i f t  th rus t  with increasing 

ma' 

Phase I V  

f l i g h t  ve loc i ty  a t  constant a l t i t u d e  and constant engine ro- 

t a t i o n  angles amin a d  emax. 

Figure *l-.- Transi t ion a t  Constani Al t i tude  

Thrust Rotation Angles 

-- _ ^ _ _  

- _ _  -:-Optimum I Chcice of Attack ana Engine 

I n  Phases I1 t o  I V  (Figure 2), the angle of a t t a c k a  and the angle of 
r o t a t i o n  of t he  l itt  and c r u i s e  vectors 0 and 8 (Phases I1 and 111) are 
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var i ed  f o r  the  s tep- l ike given a i r  veloci ty  vw and the  optimum combination 

of these parameters ca lcu la ted  f o r  m a x i m u m  hor izonta l  accelerat ion.  The /3 
given f l i g h t  ve loc i ty  v, i s  var ied gradually. I n  Phase I V ,  the  angle of 

a t t a c k  and the  degree of t h r o t t l e  of the l i f t  engine are co r re l a t ed  under 

similar conditions.  

Let us terminate the  t rans i t ion  i n  accordance with FAA requirements f o r  

HTOL a i r c r a f t  a t  

'aero = 1.2 x Vmin 

A f t e r  t h i s  ve loc i ty  has been at ta ined,  the c r u i s e  f l i g h t  configurat ion 

i s  assumed, i.e., the  l i f t  engines are turned o f f  and the  l i f t  engine f l a p s  

closed; the  landing gear and the  landing f l a p s  are re t rac ted .  
- 

Time, f u e l  consumption and dis tance can then be determined by in tegra t -  

ing the  m a x i m u m  hor izonta l  accelerat ion between the i n i t i a l  and f i n a l  velo- 

c i t y  of t he  t r ans i t i on .  

'J. 

- P o  
(II 
3 0  
k r l  flight velocity, m/sec so, - P c  * a  
0, .[, vertical acceleration 

a * ( a  vertical velocity Li 

/4 

Figure 2. Transition Processes - Transition at 
* Constant Height. 
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In order to maintain the momentum equilibrium around the center of 

gravity, aerodynamic control forces and control thrusts must be applied dur- 
ing the transition, for which an average value was deducted in the thrust 
balance so that in the following the configuration investigated here may be 
considered point masses. 

, 

/5 
3. Engine Design 

In the design of the engines primarily a variation of the by-pass ratio 
is performed, because in addition to the thrust distribution in lift and 
cruise propulsions and the angle of thrust rotation, this has the greatest 
effect on transition. 

3.1. By-Pass Ratio 

Transition performance (the, distance and fuel consumption) is first 
affected directly by the by-pass ratio of the lift and cruise engines selec- 
ted, because the input pulse force of the engines acting against the flight 
direction enters the horizontal force balance negatively, i.e., as a resis- 
tance (see Figure l), and the ratio of the inputloutput (jE/jA) increases 
with rising by-pass ratios and flight Mach numbers. 
3 shows the (iE/jA)Hm ratio of the lift engine as a function of the by-pass 
ratio and the Mach number. 

As an example, Figure 

Cruise engines behave in an analogous manner. 

Llf t-Engines Cmi se :Engines 

. '  

.- _ _  
Figure 3,: Effect-of. By-Pass Ratio 

9 on. Engine Perfornance 
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It w i l l  be shown t h a t  t r a n s i t i o n  cha rac t e r i s t i c s  are s t rongly and 

i n d i r e c t l y  affected,  i n  addi t ion t o  the aerodynamic design and the ro t a t -  

a b i l i t y  of t h r u s t  vectors,  by the d i s t r ibu t ion  of t he  th rus t  between l i f t  /6 
and cruise engines and thus by the dimensions of t he  c r u i s e  engines, the 

i n s t a l l e d  n e t  take-off t h rus t  and the  number of propulsion uni ts .  I n  order  

t o  demonstrate t h i s  func t iona l  re la t ionship,  the  dimensioning of engines 

w i l l  be discussed i n  the  following sections.  

3.2.  Dimensioning of Cruise Engines 

Cruise engines are adapted i n  an optimum manner t o  c r u i s e  f l i g h t  condi- 

t i ons  and i n  c e r t a i n  cases used t o  support the take-off t h r u s t  through ro- 

t a t i o n  o r  su i t ab le  def lec t ion  s y s t m s .  

In  the  adaptation of c ru i se  engines t o  cruise f l i g h t  conditions,  the  

following values determine the  thrust  of t h e  c ru i se  engine on the stand: 

c r u i s e  f l i g h t  requirements, MR, HRi 

s i ze  of aircraft, GA, cwoi 

a i r c r a f t  design, GA/F; 

thrust  r a t i o  of t h e  c ru i se  engine, 

‘ l o s s  of th rus t  due t o  i n l e t  pressure drop, 
. diversion of a i r  and def lect ion systems i n  cruise f l i g h t  %. 

From t h e  c ru i se  polar coordinates (depending on c r u i s e  f l i g h t  a l t i t u d e  

G ./F 
and Mach number)r 

+ -  
‘WR =‘V/O n *A % (3) 

the t o t a l  gross s tand thrust of the c r u i s e  engines can be calculated.  

P 

* RTW “WR 

so 901. CAR KR s (4) 
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The funct ional  re la t ionship  of the thrus t  r a t i o  cruise thrus t / s tand  

t h r u s t  shown i n  Figure 3 ind ica tes  t h a t  w i t h  increasing c ru i se  a l t i t u d e s  

and Mach numbers and r i s i n g  by-pass r a t i o s  the s tand thrus t  of c ru i se  en- 

gines  a l so  increases .  

As a r e s u l t ,  the  following re la t ionship  i s  found f o r  the gross  s tahd 

thrus t  of c r u i s e  engines: 

3.3.  Net Take-Off Thrust Required f o r  Ver t ica l  Take-Off 

It i s  necessary f o r  a v e r t i c a l l y  s t a r t i n g  t ranspor t  a i r c r a f t  t ha t ,  fo l -  

lowing the  f a i l u r e  of an engine and the poss ib le  cut-off of another symmet- 

r i c a l l y  arranged engine, an excess thrus t  AS * / G A  or a t  least a hovering 

capab i l i t y  be retained. For such cases, the engine manufacturers o f f e r  

c e r t a i n  emergency l i f t  reserve AS up t o  10% of the  standard take-off a 

th rus t ,  by which the take-off th rus t  can be temporarily increased i n  an emer- 

gency. 

Not 
/7 - 

In  addi t ion,  i n  accordance w i t h  AGARD standards,  the c o n t r o l l a b i l i t y  

of the  a i r c r a f t  must a l so  be maintained i n  the  case of the f a i l u r e  of an en- 

gine. I n  the v e r t i c a l  t h rus t  balance, therefore ,  the th rus t  required f o r  

cont ro l  purposes must be taken i n t o  account as  the  necessary excess th rus t  

(As /GA) eu 

Nixed L i f t  Configuration 

In  a mixed l i f t  configuration, the t h r u s t  of the  c ru i se  engines i s  used 

Be- i n  v e r t i c a l  take-offs and i n  t rans i t ion ,  through th rus t  angle ro ta t ion .  

cause i n  such a case the t h r u s t  of t he  c r u i s e  engines, designed i n  accordance 

w i t h  c ru i se  requirements, generally w i l l  not  be equal t o  the  l i f t  t h rus t ,  i n  

t he  determination of the  necessary excess t h rus t  t h e  f a i l u r e  of the engine 

w i t h  the g r e a t e s t  t h r u s t  must be considered. 

If z is  the number of engines f a i l e d  o r  cu t  o f f  f o r  reasons of torque 

equilibrium, and nHm and nRTW are  the  numbers of l i f t  and c ru i se  engines 

i n s t a l l e d  with a ne t  thrust  of SHm and im, the necessary ne t  take-off N 
t h r u s t  i s  given byr 

7 
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'lW fur s : ~  > s HT W 

RTW< sHTW H7W fur  s 
O S N  

'x m s N  N 

l i f t  and c ru i se  engines with unequa I8 - th rus t ,  where the  l a t t e r  i s  

designed f o r  f l i g h t  Mach numbers of 0.8 a t  an a l t i t u d e  of 7,500 m, the  re- 

quired n e t  take-off t h rus t  i s  shown i n  Figure 4 as a function of the in- 

s t a l l e d  l i f t  engines and of the  by-pass r a t i o  of t he  cruise engines. 

necessary excess t h r u s t  i s  therefore  determined, i n  addi t ion t o  the  number 

of l i f t  and c r u i s e  engines, by the  by-pass r a t i o  of  the  c r u i s e  engines, which 

The 

cont ro ls  t h e i r  s tand t h r u s t  a t  given f l i g h t  conditions csee Equation 

Engine Fai lure  and Symmetri- 
cal Cut-off - * 

. .  
. . :. 

. .  

'(1 I: I. Y, I* ' \ .. 
'Number of l i f t  engin% 

* ..* Number of cruise 
Excess t h r u s t  afteL$ngine,$i.Lure ,,rL r y  . . " I I W  - 4  engines Loss of t h r u s t  due t o  control 4~~c>,,.w-c.1 f - -  - .- . ?  :%.Design o f  cruise 

engines Emergency reserve t h r u s t  _ -  4 5 H ( I N  -0.1 

.- 
Figure 4. ,Dimensioning of Engines - 

Effect of Number .of L i f t  Engines and 
By-Pass Ratio of Cruise Engines 
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If the  ne t  t h rus t  of lift engines i s  decis ive i n  the case of  engine 

f a i l u r e ,  then the difference i n  the net . take-off  t h r u s t  between by-pass 

r a t i o s  of 0 and 8 of the c ru i se  engines can amount t o  35%, because the  by- 

pass r a t i o  of the  cruise engines a l so  determines the thrus t  class of the 

l i f t  engines (see Section 3 . 4 . ) .  

RTW> If the  f a i l u r e  of c ru i se  engines becomes the dec is ive  f a c t o r  (SN 

Sim) ,  then an increase i n  the number of l i f t  engines has no e f f e c t  on the  

excess thrust  which remains constant. 

the  cruise engines, on the  o ther  hand, increases  i n  importance. 

The number and the  by-pass r a t i o  of 

With considerat ion of Equation (5), the  following r e l a t ionsh ip  can be 

es tab l i shed  f o r  the  n e t  take-off thrusts  

Direct L i f t  Configuration 

I n  direct  l i f t  configurat ions the  thrust  vector  of  c r u i s e  engines i s  not  

used during v e r t i c a l  take-off. 

decis ive i n  the  v e r t i c a l  balance of forces. 

Only the t h r u s t  of t he  l i f t - e n g i n e s  i s  thus 

I n  t h i s  case 

so t h a t  Equation (6) becomes 

As shown i n  Figure 4 ,  i n  t h i s  case the take-off t h r u s t  required depends 

on the  number of l i f t  engines only. 

The t o t a l  i n s t a l l e d  ne t  stand th rus t  given addi t iona l ly  contains  the  

s tand th rus t  of the c r u i s e  engines which become e f f e c t i v e  during the  t rans i -  

t i on  only. 

19 3 . 4 .  The Dimensioning of L i f t  Engines - 
With considerat ion of the necessary ne t  take-off t h r u s t  determined i n  

Section 3.3. ,  the  n e t  t h r u s t  required for s a f e  take-off i s  given by 

9 
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If the thrust of the cruise engines cannot be made available for the 
vertical force balance (direct lift configuration), then the gross stand 
thrust of the lift engines must be determined, with consideration of the in- 
stallation losses (K ), corresponding to Equation (9) IITW 

ct lift configuration) 
L ? .  

ge5 A (sire ... .. 

Diversion of the cruise engine thrust (mixed lift configuration) reduces 
the lift engine thrust required corrdspondingly, so that the gross stand 
thrust can be detemined from 

The following relationship is then valid for the gross stand thrust of 
the lift engines 

The total installed gross stand thrust of the lift and cruise engines, 
relative to the take-off weight Soges/GA, is also given in Figure 4 for the 

) which is primarily discussed here and for these con- parameter (1 

figurations. 
HTW' 'RTM 

Summary 

In summary, based on the dimensioning of engines, it may be stated that 
the horizontal and vertical force balance in transition and thus in the trans- 
ition characteristics, are affected by the following design values of the 
lift and cruise engines: 

Direct by In- and Output Pulse Forces: 

the by-pass ratio of the lift and cruise engines; 

the thrust vector rotation of the lift and cruise engines. 

10 
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I n d i r e c t l y  by the  Dimensions of the Engines: 

the  by-pass r a t i o  of c r u i s e  engines; 

t h e  c ru i se  a l t i t u d e  and Mach number; 

the  number of l i f t  and cru ise  engines. 

4. Defini t ion of t h e  Reference Aircraft and Engine Parameters 

4.1. A i rc ra f t  Configuration 

As an example of a VTOL a i r c r a f t  with a mixed l i f t  configuration, a de- 

s ign  was chosen i n  which the  lift and c r u i s e  engines are arranged i n  wing 

gondola and where the  t h r u s t  vectors  are ro t a t ab le  (Figure 5: Mixed l i f t ) .  

The d i r e c t  l i f t  configuration ot Figure 5 represents  an a l t e r n a t i v e  solu- 

t ion ;  here, only the  l i f t  engines are used t o  produce the  l i f t  t h r u s t  and t h e  

c r u i s e  engines a r e  i n s t a l l e d  on the  t a i l  of the  aircraft. 

Mixcd l i f t  configurat ion . Cruise--engine t h r u s t  vec tors  
' f u l l y  r o t a t a b l e  

.-Direct L i f t  configurat ion 

.$:I Design: take-of weight . I*GC..m 

(Of. .rn --. 
d 

Figure e 5. - Reference Aircraft 
- .. _ _  Mixed and Direct L l f t  Configurations 
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. 
The fundamental design of t h e  a i r c r a f t  was based on the following data: 

Take-off weight 

Payload 

Range 
Cruise a l t i t u d e  

Cruise Mach number 

Wing load 

Wing spread 

S l o t t e d  f lap,  f l a p  angle 

Number of c r u i s e  engines 

Number of l i f t  engines 

By-pass r a t i o  of c r u i s e  engines 

By-pass r a t i o  of l i f t  engines 

Ver t ica l  take-off a t  
S ta tus  of engine technology 

GA 

GN 

HR 

R 

GA/F 

A 

k 
RTW 

HTW 

n 

n 

pRTW 

pHTW 
ISA, S o  L. 
1975 / 1980 

800 km 

7500 m 

0.8 

400 kp/m2 

7 

30° 

4 

12 

6 

10 

As the  def lec t ion  system of t h e  cruise  engines i n  the mixed l i f t  configu- 

ra t ion ,  Rolls-Royce r o t a t a b l e  nozzle def lector  were chosen (2 jets on one side),  

while f o r  the l i r t  engines jet  def lect ion with t i l t a b l e  louvers by General 

E l e c t r i c  was selected; here the t h r u s t  vector  of the l i f t  engines can be ro- 
t a t e d  by a maximum value 02 Emax = 40° ( I n s t a l l a t i o n  angle of l i f t  engines = 

0) L3-J. 

4.2. Engines 

The l i f t  and cruise engines used i n  the present invest igat ion are based 

on the assumed technology of 1975-1980. Corresponding t o  t h a t  s tage of de- 

velopment, thermodynamic performance and condition data, weights and dimen- 

s ions are used as calculated o r  estimated i n  the study "Parametric Engine Data" 

L3]. 
p e c i a l l y  the noise  c h a r a c t e r i s t i c s ,  are discussed i n  d e t a i l  i n  1141. 

ves t iga t ion  of t r a n s i t i o n  behavior is based on the following engine design: 

The s t r u c t u r a l  types, assumptions and methods of computation used, es- 
The in- 
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. 
4.2.1. By-Pass Ratio 

The l if t  and cruise engines considered i n  the present  study a r e  var ied 

within a by-pass r a t i o  range of 0 - 10. 

4.2.2. Turbine Temperature 

I n  accordance w i t h  the  s tand of  technology chosen, a l l  of the engines 

were designed f o r  a turbine temperature of T E 1573OK, which corresponds 

t o  maximum take-off performance and which i s  applied nonnally f o r  a period 

of 5 minutes. 

a r e  used during lift and cruise f l i g h t ;  here T 

and T4R 
time performance which can be applied without l imi ta t ion .  

40 

I n  order  t o  a t t a i n  long durabi l i ty ,  lower turb ine  temperatures 

o 1523OK during the  r i s e  4St 
= 1473OK during the c ru ise .  The l a t t e r  represents  t he  standard long- 

4.2.3. Condenser-Total Pressure Ratio 

On the stand, t he  following values were de temined  f o r  t h i s  r a t i o :  

= 1 8  . 
- 8  

30 

30 - 
cruise engines 

li f t engines 

The pressure r a t i o  of t he  c r u i s e  engines was s e t  r e l a t i v e l y  low with 

- 18, because i n  operat ion over short  d i s tances  low engine weights a r e  TT 30 - 
a t  l e a s t  as important as t he  reduction of f u e l  consumption through higher 

pressure r a t i o s .  

' 

The pressure r a t i o  of l i f t  engines was es tab l i shed  a t  a higher value, 

P 8, a t  the turb ine  temperature chosen, than used i n  ex i s t ing  l i f e  en- 30 
gines,  i n  order  t o  achieve high spec i f i c  thrusts. I n  addition, t h i s  campen- 

s a t e s  the t rend toward higher f u e l  consumption caused by the  high turb ine  

temperatures. The choice of even higher pressure r a t i o s  is l imi ted  by t h e  

need f o r  l i g h t  engine weights. 

4.2.4. Fan-Pressure Ratio 

The fan-pressure r a t i o  is  cor re la ted  with the  ex i s t ing  by-pass r a t i o  and 

) so t ha t  t h e  s p e c i f i c  f u e l  consumption t h e  o the r  design pdrameters ( n30, T 

i s  kept a t  a minimum. .Correlat ion w i t h  maximum spec i f i c  t h r u s t s  (So/& ) 

leads p r a c t i c a l l y  t o  the  same r e s u l t .  

40 

H 
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5. Effect  of L i f t  and Cruise Engine Design on Transi t ion 
Charac te r i s t ics  

In the following sec t ions  the e f f ec t  of t he  parameters on t r a n s i t i o n  
/15 behavior a t  a t r a n s i t i o n  a l t i t u d e  of 150 m i s  inves t iga ted  with respec t  t o  - 

the  configurat ions chosen; here, t h e  dimensions of the engines i n  accordance 

with 3.2 and 3 . 4  was dec is ive  f o r  the thrus t  balance. I n  order  t o  demon- 

s t r a t e  t h e  e f f e c t  of the  d i f f e r e n t  design parameters, i n i t i a l l y  the t r ans i -  

t i on  c h a r a c t e r i s t i c s  a t  low def lec t ion  angles G were determined. 

' 

max 

5.1. Transi t ion a t  Low L i f t  Engine Deflection Angles 

5.1.1. Wing Loads and Flap System 

As shown by the r e s u l t s  f o r  t r a n s i t i o n  time, f u e l  consumption and dis- 

tance i n  Figure 6, these values r ise very s t rongly  with increasing wing loads, 

because with increasing GA/F.the aerodynamic a b i l i t y  t o  f l y  is a t t a ined  a t  

higher v e l o c i t i e s  vaerO only. A t  the i n i t i a l l y  assumed Tow angles of deflec- 

t i on  of t he  l i f t  engines the  simple s lo t t ed  f l a p s  considered here are capable 

of reducing the  minimum aerodynamic ve loc i t i e s  so t h a t  the  l i f t  engines can 

be stopped sooner. 

loads,  which a re  favorable fo r  VTOL a i r c r a f t ,  and an optimum f l a p  angle of 

approximately 30°, subs t an t i a l  improvements can be achieved with respect  to  

t r a n s i t i o n  cha rac t e r i s t i c s .  Higher f l ap  def lec t ions  lead t o  an increase  i n  

r e s i s t ance  which cannot be compensated by t h e  increased l i f t i n g  power; poorer 

t r a n s i t i o n s  thus r e s u l t .  

The inves t iga t ion  showed t h a t  espec ia l ly  w i t h  high wing 

5.1.2. The By-Pass Ratio of L i f t  and Cruise Engines 

For the  inves t iga t ion  represented i n  Figure 7, l i f t  and c r u i s e  engines 

were var ied  f o r  a f ixed  l i f t  configuration over the e n t i r e  range of by-pass 

r a t io s .  

A s  may be expected from the  horizontal  force  equilibrium, t r a n s i t i o n  

time and dis tance increase with r i s i n g  by-pass r a t i o s ,  because a t  t he  low de- 

f l e c t i o n  angle emax = 20' t he  i n l e t  pulse fo rce  of the  l i f t  engines r i s e s  

f a s t e r  than the horizontal  component of the output pulse  force. Due t o  the 

subs t an t i a l ly  lower f u e l  consumption of the l i f t  engines with high by-pass 

r a t i o s ,  these  a l so  y i e l d  the  lowest consumption i n  t r ans i t i on .  Since the 

14 
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stand thrust of the cnfise engines [as seen from Eqbation ( 4 ) ] ,  increases 
. with the by-pass ratio and this, in accordance with Equation (ll), in a mixed 

lift configuration the installed lift thrust decreases, transition character- 
istics improve with increasing p RTW' 

Pigure 7, . :  By-Pass Ratio of Effects 
' .Variation of Lift- and Cruise Engines 
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. 
I n  summary, i t  may be s t a t e d  t h a t  improvements of t r a n s i t i o n  behavior 

can be obtained f o r  the case of  low angles of r o t a t i o n  of the l i f t  engines 

with 

high by-pass r a t i o s  of c r u i s e  engines; 

low by-pass r a t i o s  of lift engines (i.e., low i n l e t  pulse  force)  

with r e spec t  t o  t r a n s i t i o n  time and dist'ance; 
I17 low wing loads; - 

medium f l a p  angles of  approximately 300. 

It should be p a r t i c u l a r l y  noted, however, t h a t  condi t ions of low wing 

loads and low by-pass r a t i o s  cannot be reconciled with optimum VTOL designs. 

5.2. Transi t ion a t  High L i f t  Engine Deflection Angles 

As ind ica ted  above, the  horizontal  component of the l i f t  engine o u t l e t  

pulse f o r c e  i s  of dec is ive  importance with respec t  t o  the  acce lera t ion  of the  

a i r c r a f t  i n  t r ans i t i on .  

t o  a g r e a t e r  degree through the use  of s u i t a b l e  de f l ec to r s  f o r  hor izonta l  ac- 

ce l e ra t ion ,  t r a n s i t i o n  can be improved subs t an t i a l ly  and the  detr imental  e f f e c t  

of l a rge  l i f t  engine by-pass r a t i o s  eliminated. 

If it i s  possible t o  u t i l i z e  the  i n s t a l l e d  l i f t  thrus.t 

Figure 8 shows the  t r a n s i t i o n  time, consumption and dis tance as a func- 

t i on  of m a x i i n u m  l i f t  engine def lec t ion  angles f o r  mixed and d i r e c t  l i f t  con- 

f igura t ions .  It i s  seen t h a t  regard less 'o f  t he  configurat ion or t he  by-pass 

r a t i o  se lec ted ,  def lec t ion  angles of a t  l e a s t  30° are required i n  order  t o  

assure  optimum t r a n s i t i o n  behavior and to  e l iminate  the  detr imental  e f f e c t  

or l a r g e  l itt  engine by-pass ratios described i n  Sect ion 5.1. 

For de f l ec t ion  angles of c max 2 30°, Figure 9, i n  comparison t o  Figures 

6 and 7, demonstrate the  small  e f f e c t  of t he  choice of wing load, f l a p  angle  

and by-pass r a t i o  of the  c r u i s e  engines i n  t r a n s i t i o n  performance. 

I n  addi t ion,  Figure 8 compares mixed l i r t  and d i r e c t  l i f t  configurations.  

It is  shown t h a t  w i t h  low l i r t  engine def lec t ion  angles the  mixed l i f t  solu- 

t i o n  i s  near ly  always be t t e r ,  because due t o  the  g rea t e r  i n s t a l l e d  l i f t  t h r u s t s  

of the  d i r e c t  l i f t  configurat ion (see Figure 4), the  higher i n l e t  pulse  re- 

s i s t ance  of the l a t t e r  cannot be compensated by the  hor izonta l  component of 

the  o u t l e t  pulse  force.  However, i n  the case  of g r e a t e r  angles of def lec t ion ,  

16 



. 
the  higher t o t a l  t h rus t  of t he  lift engines of the  d i r e c t  l i f t  configurat ion 

has a pos i t i ve  e f f e c t  and t r a n s i t i o n  becomes more favorable than with the 

mixed l i f t  configuration. 

a. 'Mixed l i f t  configuration (fundamental design) 
b. Direct l i f t  configuration (fundamental design) 

By-pass r a t i o  of l ift  &nrw 

Effec t  o f t h e  Aerodynamics of t h e  Wings and 
engines - -  - . -_- Flap =gle 7 K  ' 

_ -  
Figure- 9. 
t he  ByARass Rarr'o at High-;€mar--' . 

-- _ -  
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It is also seen that in spite of the high total thrust of the lift engines, 

the direct lift configuration does not attain the transition velocity at angles 

of rotation less than loo,  due to the high inlet pulse forces. 

5.3. Engine Failure L19 

For reasons of safety, it is necessary that following the failure of an 

engine and the potential shut-down of an engine symmetrically arranged with 

respect to the failed engine, at least the hovering capability or a net thrust 

excess ASl/G > 0 should be retained. In addition, in accordance with FAA . N A  
licencing regulations, it is required that the failure of an engine should not 

alter the configuration and that, therefore, the transition must be completed 

without the failed engine. 

In order to analyze the effect of engine design parameters on transition be- 

havior with a failed engine, a critical case in the form of an engine failure with 

a necessary stoppage of the symmetrical engine at the beinning of the transition 

was considered. 

5.3.1. Failure of a Lift Engine 

In the investigation of the failure of a lift engine at the start of the 

transition times, consumption and distances were determined as a function of the 

number of lift engines and presented in Figure 10 for mixed and direct lift con- 

figurations, with respect to the transition performances without lift engine failure. 

a, Mixed l i f t  configurat ion (fundamental design) . 
b. Direct litt configuration (fundamental design) 

. .  

c 
0 

.I+ 

Numbsr of l i f t  engines 'hiw 

without engine. f a i lu re -  ' -  .. 
Point of rererence: t r a n s i t i o n  behavior * 

.- 
'Figure 10. Transftion w i t h  a Fai led L i f t  Engine 

Fa i lu re  and Shut-Off ot'Symmetrical Engine a t  the S t a r t  of  Trans i t ion  
18 



. 
The n e t  excess th rus t  i s  taken in to  considerat ion i n  each case by the  

predimensioning of the  engines. 

It i s  seen t h a t  even with a f a i l e d  engine, d i r e c t  l i f t  configurations,  

due t o  t h e i r  subs t an t i a l ly  higher i n s t a l l e d  l i f t  t h rus t ,  y i e l d  better transi- 

t i o n  performance than mixed l if t  configurations a t  an angle of def lec t ion  of 

8 20°. rnax 

With respect  t o  t r a n s i t i o n  c h a r a c t e r i s t i c s  without engine f a i l u r e ,  how- 

ever, time, dis tance and fue l  consumption, even w i t h  high def lec t ion  angles 
E = 40°, a r e  higher by 10 t o  20%, i n  both configurations.  The same i s  max 
t rue ,  with a low angle of def lec t ion  8 = 20°, f o r  the  mixed l i f t  con- rnax 
f igura t ion .  

In  con t r a s t  t o  the  foregoing, f o r  d i r e c t  l i f t  configurat ions a t  low an- 
g l e s  of def lec t ion ,  t r a n s i t i o n  cha rac t e r i s t i c s  improve following the f a i l u r e  

of a l i f t  engine wi th  respec t  t o  the  reference point,  because a t  low deflec- 

t i o n  angles the  i n l e t  pulse  force  of the l i f t  engines chosen here w i t h  

10, a r e  higher  than the  ava i lab le  horizontal  component of the output pulse 
force  so t h a t  the  f a i l u r e  o r  shut-off of l i f t  engines i n  t h i s  spec ia l  case 

improves the balance of forces  and makes possible  a somewhat higher accelera- 

t i on  

- 

kHm = 

I n  a l l  cases,  i n  s p i t e  of the f a i l u r e  of l i f t  engines and symmetrical 

shut-off t he  t r a n s i t i o n  and vezocity is' reached safe ly .  

5.3.2. Cruise Engine Fa i lure  

The f a i l u r e  of a cruise engine was inves t iga ted  f o r  the  configurat ions 

under study here (four c ru i se  engines) as a funct ion of t h e  by-pass r a t i o  

ava i lab le  f o r  hor izonta l  accelerat ion increases  [Equation (4) and Figure 33 

because w i t h  r i s i n g  by-pass ratios of the c r u i s e  engines the  thrus t  RTW' 

8 = 400: rnax 

As shown by the  r e s u l t  of the  inves t iga t ion  i n  Figure 11, wi th  high an- 

g l e s  of def lec t ion  of the  l i f t  engines e max = 400, the f a i l u r e  of a c ru i se  

engine does not  cause problems and leads, as compared w i t h  the  r e s u l t s  obtained 

without engine f a i l u r e  (Figure 9), t o  an increase  i n  t r a n s i t i o n  time of ap- 

proximately 20% and of t h e . t r a n s i t i o n  dis tance of approximately 40%. I n  t h i s  
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case,  the d i r e c t  l i f t  configuration, even i f  a symmetrical engine i s  a l so  

shut  o f f ,  y i e l d s  b e t t e r  r e s u l t s .  Since a s u i t a b l e  design of yaw con t ro l  per- 

m i t s  the  e l iminat ion of symmetrical shut-offs i n  d i r e c t  l i f t  configurations,  

t r a n s i t i o n  c h a r a c t e r i s t i c s ,  as. shown i n  Figure 11, a r e  subs t an t i a l ly  b e t t e r  

than i n  the mixed l i f t  configuration. 

Figure ale-; Trans i t ion  with Cruise  Engine Fa i lu re  

.-'' ---' off  a t  the  s ta r t  of  t r a n s i t i o n  
Fa i lu re  and po ten t i a l  symmetrical shut- 

B = 2 0 ° :  
rnax ---------- 

I n  the  case of low l i f t  engine def lec t ion  angles and small by-pass r a t i o s  

of the c r u i s e  engines ( p < 3 ) ,  on the o t h e r  hand, t he  mixed l i f t  configura- 
t i on  i s  not  capable of  a t t a in ing  the f i n a l  t r a n s i t i o n  veloci ty ,  following the 

f a i l u r e  of a c r u i s e  engine and the  necessary symmetrical shut-off of another, 

because due t o  the missing t h r u s t  t h e  horizontal  acce le ra t ion  i s  too low. 

R W  

I n  the  case of a symmetry shut-off, d i r e c t  l i f t  configurat ions and f o r  - 20° even wi th  a high t h r u s t  proportion of the  c r u i s e  engines, are not 

capable of  completing the  t r a n s i t i o n  over the  e n t i r e  range invest igated,  be- 

cause here  again the i n l e t  pulse  fo rce  of the  l i f t  engines i s  g r e a t e r  than 

the  hor izonta l  component of the  output pulse force. 

6 
max 

If, however, the symmetrical shut-off of a c r u i s e  engine can be elimi- 

nated, t h e  r e s u l t  presented i n  Figure 11 ind ica t e s  tha t  direct  l i f t  configura- 

t i ons  are able t o  complete the  t r a n s i t i o n  even i n  the case of low l i f t  engine 
angles and high by-pass r a t i o s .  
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4. t 

6. Transi t ion wi th  Variable F l i g h t  Paths and Constant F l i g h t  

Att i tudes and Engine Rotation Angle 

Since, i n  order  t o  parametr ical ly  inves t iga te  the e f f e c t  of engines on 

t r a n s i t i o n  an optimally unambiguous co r re l a t ion  of t h e  determining fac tors ,  

such as engine r o t a t i o n  angle, a t t i t u d e  angle, v e r t i c a l  acce le ra t ion  and 

ve loc i ty  had t o  be found# i n i t i a l l y  as a permissible  s impl i f ica t ion ,  i n  ac- 

cordance w i t h  Sect ion 2, t r a n s i t i o n  a t  constant  a l t i t u d e s  was considered. 

I 2 3  - 

I n  r e a l i t y ,  however, a v e r t i c a l  veloci ty  and possibly an acce lera t ion  

component w i l l  have t o  be considered during the  t r ans i t i on .  

I n  addi t ion,  during the execution of the  t r a n s i t i o n  f l i g h t ,  i t  would be 

d i f f i c u l t  f o r  t he  p i l o t  t o  monitor, together w i t h  t h e  conventional instruments,  

th ree  addi t iona l  s e t t i ngs ,  i.e., the  engine r o t a t i o n  a n g l e 0  and e and the 

f l i g h t  a t t i t u d e  angle 8 . 
a r e  based on a t r a n s i t i o n  process which takes  i n t o  considerat ion the forego- 

ing and thus b e t t e r  s a t i s f i e s  the ac tua l  condi t ions;  i t  loses, however, some 

of i t s  f l e x i b i l i t y  with respec t  t o  the  engine parameters. 

For t h i s  reason, the following inves t iga t ions  

PC(&SF c 
-e- 

Pl-i,4SF T pl&w Vertic&y& to A ---A- ora t ion  of  Reduction of Increase i n  
a given at- ' the  c ru i se  ' t h e  f l i g h t  at- v e r t i c a l  ac- 

- -ti dude t h r u s t  vec tor  t idude e c e l e r a t i o n  
Q-C:9Gg G ) %in (I-Ci-nin Q*Unin  

E a kOn5t.  , &.kon:t. c s  hcnst. 
$1 dmin hOnSt.j\)min \tad, amin 

9. L 
$hlat,  0 - &hldt'* Id'hldt' 1.- d'~dt'~d'hlCt'), 

Figure 12;-'Transiti-on with a Variable F l igh t  2a th  
Constant Fl ight  -At t i tude  and Engine 

The e n t i r e  process 

i n  the following phases 

Rotation Angles 

from the  start t o  aerodynamical f l i g h t  is  performed 

(Figure 12): 
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Phase I Ver t ica l  rise t o  a given a l t i t ude .  

Phase I1 With a constant  given f l i g h t  a t t i t u d e  angle 9 and l i f t  engine 

r o t a t i o n  angle e and the v e r t i c a l  acce le ra t ion  d2h/dt2 - constant ,  

the  corresponding angle of ro t a t ion  of t he  c r u i s e  engines 0 i s  

determined i n  accordance w i t h  t he  equation of v e r t i c a l  motion, 

f o r  the  given, gradual ly  varying f l i g h t  veloci ty .  

Phase I11 After omin i s  reached, the f l i g h t  a t t i t u d e  angle 9 i s  var ied  t o  

a minimum value i n  accordance with the v e r t i c a l  force equilibrium. 

Phase I V  The i n i t i a l  condition of a constant v e r t i c a l  acce le ra t ion  i s  aban- 

doned f o r  the case  of CT P 0 and 9 P 9 
determined i n  accordance w i t h  t he  v e r t i c a l  equation of motion. 

The a i rcraf t  r i s e s  a t  a g rea t e r  ra te  than i n  Phases I1 and 111. 

The l i f t  engines a r e  not t h ro t t l ed .  

and t h e  acce lera t ion  min min 

Clinbiag . 

0 a s  SO 75 d. 

Degree oi Aft 
1 
h a w  

u2 'a'[ei;-g-ini--c iirbttl Tni 
I b-z - 7 1 0 0 %  

a .  
, 

c, a,'& a, 
O d & d  

'-&I cO(d1. PD 
d ' C  

a ( d 0 . a  c c  
* A C M a J  
U0.d e 
d - d d  3 

.cJ4JEr 4J 

Fl igh t  ve loc i ty ,  

Figure 13. Transi t ion Process 
Transit ion-variable f l i g h t  pa th  

I n  Phases I1 t o  I V  (Figure 13), the v a r i a t i o n  of CT and 9 and the  v e r t i -  

cal  and hor izonta l  acce le ra t ion  i s  determined f o r  the  gradual ly  varying f l i g h t  

ve loc i ty  v - ,  from these  the instantaneous f l i g h t  da ta  and the  t r a n s i t i o n  time, 

f u e l  consumption and dis tance may be ca lcu la ted  [ 2 ] .  
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The t r a n s i t i o n  i s  completed w i t h  the attainment of safe minimum aero- 

dynamic veloci ty:  
= 1.2.Vmin 'aero 

A comparison of the two t r ans i t i on  processes considered here ind ica t e s  

(Figure 4 )  t h a t  the r e s u l t s  of  t he  parametric ca l cu la t ion  a t  a constant  t r ans i -  

t i o n  a l t i t u d e  versus a f l i g h t  p r o f i l e  with r i s i n g  a l t i t u d e s  d i f f e r  r e l a t i v e l y  

s l i g h t l y ,  p a r t i c u l a r l y  w i t h  respec t  t o  t r a n s i t i o n  dis tance,  and tha t  devia- 

t i ons  concerning t r a n s i t i o n  time and fue l  consumption appear t o  be permissible  

within the range of parametric engine invest igat ions.  

ixed l i f -  confi  ura- Ver t ica l  i n i t i a l  acce le ra t ion  d2h/dt2 = 0 
' - .  ' I design).  _ _  _. "On verytbc'al i n i t i a l  ve loc i tv  'dh/dt = 

t ~ a m  25. . ' va r iab le  frm:O * 8 m/sed 
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Figure.14; Comparison of Trans i t ion  Processes 
- .  . _  

, Fl igh t  path of constant  and va r i ab le  
t r a n s i t i o n  a l t i t u d e  

I n  the following inves t iga t ions  t o  determine the acous t ic  ground f i e l d ,  

reference is  made t o  the  t r a n s i t i o n  processes described i n  the foregoing. 

7. Transi t ion w i t h  Minimum Noise 

7.1. 

. 

Conditions of the.Determination of t h e  Far  Acoustic Field 

Because VTOL a i r c r a f t  a r e  destined t o  take o f f  and land i n  the  immediate 

v i c i n i t y  of c i t i es  or even i n  the  center  of cit ies,  subs t an t i a l ly  more severe 

l i cens ing  regula t ions  than those contained i n  P a r t  36 f o r  HTOL aircraf t  must 

be expected. 

w i t h  respec t  t o  minimum noise  grows increasingly important. 

For t h i s  reason, as general ly  recognized, the  choice of engines 
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i*h ;c C.O] .By-pass r a t i o  
Figure 15.--Sound Level of L i f t  and Cruise Engines 
I - 

-500 f t  l a t e r a l  d l s tance  

Figure 15 shows the  sound l e v e l  of l i f t  and c r u i s e  engines cu r ren t ly  

b u i l t  o r  planned a t  a l a t e r a l  dis tance of 500 f e e t  [5 t o  13). 

although the  development of engines with high by-pass r a t i o s  w i l l  l e ad  t o  

subs t an t i a l  reductions i n  the  sound leve l  f o r  ind iv idua l  engines, the  l i m i t  

of 95 PNdb a t  a dis tance of 500 f e e t  f o r  VSTOL a i r c r a f t  spec i f ied  i n  Geman, 

It i s  seen t h a t  

B r i t i s h  and American spec i f ica t ions  cannot be obtained i n  the  foreseeable  

fu ture ,  because of the  high th rus t s  t o  be i n s t a l l e d .  

Maximum sound l e v e l s  on the ground f o r  t he  mixed and d i r e c t  l i f t  con- 

f igu ra t ions  conlsidered here (take-of f weight approximately 62 t) were deter-  

mined with consideration of the curves given i n  Figure 15 f o r  t he  l i f t  and 

c ru i se  engines a t  a l a t e r a l  d i s tance  or 500 feet as 108 and 102 PNdb (Figure 

16) .  It was found t h a t  t he  spec i f i ed  sound l e v e l  of 95 PNdb cannot be at-  

ta ined a t  t h i s  time w i t h  the  e n t i r e  VSTOL system and the engines planned, 

and t h a t  t he  t h r o t t l i n g  of the noise-intensive c r u i s e  engines i n  d i r e c t  l i f t  

configurat ions permits a reduction i n  the noise  l e v e l  by approximately 6 

Ph’db . 
Decisive reductions pr imari ly  i n  the acous t ic  ground f i e l d  along the 

f l i g h t  path thus are poss ib le  only through t h e  choice of s u i t a b l e  t r a n s i t i o n  

processes. 
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7 . 2 .  Effec t  of Transi t ion Al t i tude  on Acoustic Ground Field 

12 8 - l , e  s ens ib l e  sound l e v e l  of an engine is  a function, i n  addi t ion  t o  the  

engine c h a r a c t e r i s t i c s  and the  thrus t ,  pr imari ly  of the d is tance  t o  the  source 

of sound, so t h a t  a reduction of no i se  exceeding measures involving the  e n - .  

gine can be obtained only by increasing t h e  d is tance  t o  the  source of the  

noise. 

Consistent appl icat ion of the  v e r t i c a l  take-off technique, i.e., by climb- 

ing v e r t i c a l l y  t o  g r e a t e r  t r a n s i t i o n  a l t i t u d e s  makes i t  poss ib le  to: 

concentrate  the  unavoidable noise nuisance upon l i f t - o f f  a t  t he  i m -  

mediate v i c i n i t y  of the  take-off location, and 

execute subsequent jet-supported and aeroclynamical f l i g h t  a t  a l t i -  

tudes which permit the  s a t i s f a c t i o n  of  noise  spec i f i ca t ions  on the ground. 

Figure 17 demonstrates for  a mixed l i f t  configurat ion the  e f f e c t  of t he  

i n i t i a l  t r a n s i t i o n  a l t i t u d e  on the  sounci l e v e l  on the  ground, time, f u e l  con- 

sumption and the  d is tance  covered above the  ground a t  the  end of the  t r ans i -  

t ion.  

Mixed l i f t  configura- 

j sa %EP ‘1;7 :a?% 2>?5 sccc 1- rGiO 

LatSral  d i s tance  from a i r c r a f t  
- -- b .--- - . 

Figure 16, Maximum Sound Level on the  Ground . .  - Hovering a l t i t u d e  15 m, without ground effect 

/2 9 - 
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Figure 17. Effect of Traiisision Alt i tude 
. - Mixed--lift configuration - 
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In  addition, the  e f f e c t  of d i f f e ren t  l i f t  engines a re  invest igated;  the 

by-pass r a t i o  of the  c ru i se  engines remained constant  ( pRm= 6). 

t h a t  a given sound l e v e l  may be a t ta ined  under c e r t a i n  conditions with low 

values of ~1 

It i s  seen 

/30 - by chosing high i n i t i a l  t r a n s i t i o n  a l t i t udes .  
HTW 

With increasing i n i t i a l  t r ans i t i on  a l t i t udes ,  however, time and f u e l  con- 

sumption r ise subs tan t ia l ly ;  t h i s  i s  due pr imari ly  t o  the  prolonged v e r t i c a l  

climbing phase, leading t o  increased d i r e c t  operat ing cos t s  (Section 7.4.). 
The t r a n s i t i o n  dis tance i s  only s l i g h t l y  a f f ec t ed  by the  t r a n s i t i o n  a l t i t u d e ;  

high by-pass r a t i o s  of the  l i f t  engines reduce mainly the f u e l  consumption t o  

the  end of the  t r ans i t i on .  

The e f f e c t  of the i n i t i a l  t r ans i t i on  . a l t i t ude  on the  extent  of the  acous- 

t i c  ground f i e l d  i s  presented i n  Figure 18. A s  a comparison, f o r  the  mixed 
l i f t ,  configurat ion a t r a n s i t i o n  p r o f i l e  i n  ground v i c i n i t y  ( i n i t i a l  t r ans i -  

t i on  a l t i t u d e  15 m, i n i t i a l  v e r t i c a l  ve loc i ty  8 m/sec) was confronted wi th  a 

p r o f i l e  f o r  a minimum acoust ic  ground f i e l d  (with an i n i t i a l  a l t i t u d e  of 250 

m, v e r t i c a l  i n i t i a l  ve loc i ty  of 17 m / s ) .  

Due t o  the  d i f f e r e n t  v e r t i c a l  ve loc i t i e s  a t  t h e  end of the  climb phase, 

which a re  dec is ive  with respect  to the  t r ans i t i on ,  a r e l a t i v e l y  f l a t  f l i g h t  

path c o r r e l a t e s  with the  low i n i t i a l  t rans i t ion .  a l t i t u d e  and a s teeper  one 

with the  high a l t i t ude .  

With respect  t o  permissible noise limits on the  ground, f o r  t he  deter-  . 

mination of the  i n i t i a l  t r a n s i t i o n  a l t i t ude ,  t h e  minimum acous t ica l  ground 

f i e l d  was defined as follows: 

For a permissible l imi t ing  value o f ,  e.g., 95 PNdb, t he  minimum l a t e r a l  

ex ten t  of the i sobar  i s  determined by the sound l e v e l  generated immediately 

upon v e r t i c a l  l i f t - o f f  (Figure 16) and which, therefore ,  cannot be a f f ec t ed  

any longer  by the  choice of the  t r a n s i t i o n  p ro f i l e .  The i n i t i a l  t r a n s i t i o n  

a l t i t u d e  must then be se lec ted  so t h a t  the  l a t e r a l  extent  of the  sound i sobar  

i s  not  exceeded. 

In  accordance with t h i s  assumption, f o r  a minimum extent  of t he  95 PNdb 

i sobar  a t r a n s i t i o n  p r o f i l e  with an i n i t i a l  a l t i t u d e  of 250 m was determined, 

which, based on the  climbing f l i g h t  path, l eads  t o  an acous t ica l  ground f i e l d  

having an ex ten t  of only 800 m i n  diameter, and permits the  l imi t a t ion  of t he  

high sound l e v e l  t o  the  immediate a rea  of the  take-off locat ion.  
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Figure 18. Effect of Transition Altitude - 
- - -  

In contrast, with a transition at low altitudes and subsequent flat 
climbing flights, a substantially greater expansion of the sound field (2400 

m) of high intensity is unavoidable. 
approximately four times the size of the minimum acoustical ground field at 
low transition altitudes. 

The area irradiated with 95 PNdb is 

7.3. Comparison of Mixed Lift and Direct Lift Configurations 

With respect to transition performance, for high angles of deflection 
of the lift thrust, the superiority of the direct lift configuration has al- 
ready been established (Section 5.2.). 
ground fields in Figure 19 in this example ( p  

an advantage for the direct lift configuration, because the noise-intensive 
cruise engines can be throttled during vertical climbing. 
Figure 16, the lateral extent of the 95 PNdb isobar is less, compared to the 
mixed lift configuration. 

A comparison of minimum acoustical 
= 6; PHTW = 10) also yields 

In accordance with 
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0 YX;?n W m  Wrn L"3 m 
Transi t ion dis tance OF.. c l i p b i y  

dis tance S ens i b 1 e 
sound ID;an7 

Figure 19, Comparison of Mixed L i f t  and 
DirectcLift Configuration 

Because during the  take-off of a VTOL a i r c r a f t  with a f u l l y  ro t a t ab le  

c r u i s e  engine thrus t  vector  (mixed l i f t  configuration) the  area i r r a d i a t e d  

with more than 95 PNdb i s  unavoidably grea te r  than i f  the  noise-intensive 

c r u i s e  engines are t h r o t t l e d  (d i r ec t  l i f t  configuration),  the r e s u l t a n t  

i n i t i a l  t r a n s i t i o n  a l t i t u d e  is approximately 250 m. 
i n i t i a l  t r a n s i t i o n  a l t i t u d e  of  approximately 330 m i s  required f o r  the d i r e c t  

l i f t  configuration, because a t  t h i s  point the  cruise engines must be brought 

t o  f u l l  capaci ty  f o r  t he  purpose of horizontal  accelerat ion,  thus l i t t i n g  

the  t o t a l  sound l e v e l  above tha t  of t he  mixed l i f t  configuration. 

In  cont ras t ,  a g rea t e r  

The acous t ica l  ground f i e l d  r e su l t i ng  from these  t r a n s i t i o n  p r o f i l e s  i s  

shown f o r  the two comparative a i r c r a f t  in  Figure 1 9  and ind ica t e s  t h a t  with 

the  engine technology on which the study i s  based a minimum exten t  of the 

acous t ica l  ground f i e l d  a t  95 PNdb of only 550 m i n  diameter can be a t ta ined ,  

coupled, however, with somewhat higher operating Costs, due t o  the  g r e a t e r  

i n i t i a l  t r a n s i t i o n  a l t i t u d e  of approximately 330 rn. 
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7 . 4 .  Effec t  of a Transi t ion Optimum with Respect t o  Noise on Take-Off 

Weight and Direct Operating Costs 

133 - I n  order  t o  estimate the e f f ec t  of d i f f e r e n t  i n i t i a l  t r a n s i t i o n  a l t i -  

tudes on take-off weight and d i r e c t  operating cos ts ,  t he  take-off weightand 

d i r e c t  operat ing cos t s  of the comparison a i r c r a f t  were determined with the  

a id  of an a i r c r a f t  design program [l, 41 and not  only the higher f u e l  con- 

sumption and the  longer operating period of the  l i f t  engines considered as  

a funct ion of the  t r a n s i t i o n  a l t i t u d e ,  but a l so  the  reac t ion  on the  o v e r a l l  

system i n  accordance with the magnifying f ac to r s  observed. 

In  Figure 20, i n  accordance with the discussion of Section 7.2  and 7 . 3  

the  maximum extent  of the  acous t ica l  ground f i e l d  as a funct ion of the  i n i -  

t i a l  t r a n s i t i o n  a l t i t u d e  i s  shown, and the  manner i n  which the  i n i t i a l  a l t i -  

tude t o  be chosen depends on the  permissible sound l e v e l  on the  ground and 

i t s  maximum extension i n  the  f l i g h t  d i rec t ion ,  i s  demonstrated. 

It should be noted t h a t  following the completion of the  t r ans i t i on ,  the . 

l i f t  engines are shut  o f f  and t h a t  thus the  ove ra l l  sound l e v e l  of t he  a i r -  

c r a f t  decreases. 

the  curves f o r  constant PNdb values, because here the  dec is ive  "peak noise  

level" i s  determined by the assumed acoust ical  f i e l d  d i s t r i b u t i o n  of the 

c ru i se  engines so t h a t  t he  shut-off of the  l i f t  engines i n  t h i s  spec ia l  case 

leads merely to  a negl ig ib ly  small var ia t ion.  

This effect is  not immediately obvious from t h e  behavior of 

The take-off weight assigned to  each i n i t i a l  t r a n s i t i o n  a l t i t u d e  and the  

d i r e c t  operat ing cos t s  pe r  seat-km a r e  r e l a t ed  t o  values for an a l t i t u d e  of 

15 m. 

minimum acous t ic  ground f i e l d  (95 PNdb), t h e  take-off weight rises by only 

approximately 2.5%, which appears t o  be e n t i r e l y  acceptable with respect  t o  

the  p o t e n t i a l  reduction of t he  noise  t r a i l .  

increase i n  t h i s  case by approximately 11% and thus a t t a i n  orders  of magni- 

tude which i n  a genuine in t e r - c i ty  use of VSTOL a i r c r a f t  w i l l  l ead  t o  c o s t  

increases .  

f i e l d  i n  the  f l i g h t  d i r ec t ion  i s  possible,  then the addi t iona l  c o s t  as  com- ' 

pared with t r a n s i t i o n s  a t  low i n i t i a l  a l t i t u d e s  a r e  subs t an t i a l ly  lower so 

t h a t  the  amount of d i r e c t  operating costs  i s  a f f ec t ed  dec is ive ly  by l e g a l  

no ise  requirements and by the  loca t ion  and s i z e  of the  a i r p o r t  t o  be served. 

It i s  seen t h a t  even i f  a high t r a n s i t i o n  a l t i t u d e  i s  chosen f o r  a 

/ 3 4  - 
Direct  operating cos ts ,  however, 

I f ,  on the  o the r  hand, an extension of the permissible sound 
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Direct  l i f t  configura- 
t i o n  (fundmental '  cesign) 
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Zigure 20. Ef fec t  of- Transi t ion Alt i tude on. the  Acoustic 
Ground Field,  Weight and Costs--- 

8 .  Summarv 

It i s  shown through the  dimensioning of l i f t  and c ru i se  engines and t h e i r  

performance c h a r a c t e r i s t i c s  t h a t  t he  horizontal  and v e r t i c a l  fo rce  balance i n  
the  t r a n s i t i o n  of v e r t i c a l l y  s t a r t i n g  a i r c r a f t ,  and thus t h e i r  t r a n s i t i o n  

c h a r a c t e r i s t i c s  are dec is ive ly  affected by the following engine design para- 

meters : 

d i r e c t l y  by the  r a t i o  of the  input-output forces ,  which rises with 

the  by-pass r a t i o  of the l i f t  and cru ise  engines; 

a l so  d i r e c t l y  by the  t h r u s t  vector  ro t a t ion  of t h e  l i f t  and cruise 

e m i t s  an increase  i n  horizonta1,accelerat ion with r i s i n g  an- engines which 

g l e s  of def lec t ion ;  

i n d i r e c t l y  by the optimum adaptation of c ru i se  engines t o  c r u i s e  

f l i g h t  requirements which leads wi th ' r i s ing  by-pass r a t i o s ,  f l i g h t  Mach num- 

bers  and a l t i t u d e s  t o  an increase i n  the c r u i s e  engine th rus t  ava i lab le  i n  

the  t r ans i t i on ,  due t o  engine cha rac t e r i s t i c s ;  

by the  number of i n s t a l l e d  l i f t  and c r u i s e  engines, which i n  the 

case of engine f a i l u r e  and po ten t i a l ly  necessary symmetrical engine shut-off 

and a high number of engines leads  t o  s. l ight l o s ses  i n  t h r u s t  and thus im- 

proved t r a n s i t i o n  performance. 

31 



The r e s u l t s  of the parametric inves t iga t ion  of engines f o r  two compari- 

son a i r c r a f t  (mixed and d i r e c t  l i f t  configurations) confirmed the t rends 

determined by the  dimensioning of the engines. 

following: 

Important r e s u l t s  a r e  the 

f o r  the  execution of s a f e  t r ans i t i ons  primarily high angles of 

30° of the  th rus t  vector of l i f t  engines a re  required.  def lec t ion  € 

In  t h i s  case, necessary l i f t  a ids  f o r  the t r a n s i t i o n  may be eliminated and 
the wing load and the design of c r u i s e  engines can be la rge ly  based on the 

optimuii needs of the c ru i se  and climbing f l i g h t s .  

without r o t a t i o n  of the  c r u i s e  t h r u s t  vector i n  t h i s  case y i e l d  b e t t e r  tran- 

s i t i o n  performance, due t o  higher i n s t a l l e d  l i f t  engine thrus ts .  

r a t i o s  of the l i f t  engines a f f e c t  f u e l  consumption favorably i n  t h i s  phase, 

without -- a t  high l i f t  engine def lect ions -- subs t an t i a l ly  reducing o ther  

t r a n s i t i o n  cha rac t e r i s t i c s ;  

max 

Direct l i f t  configurations 

High by-pass 

/3 6 - 
i f  low angles of ro t a t ion  a re  penniss ible  only f o r  the  t h r u s t  vec- 

t o r  of l i f t  engines, t h e  t r a n s i t i o n  can be favorably influenced by the  choice 

of low by-pass r a t i o s  f o r  the  l i f t  engines, high by-pass r a t i o s  f o r  t he  cruise 

engines, low wing loads and a f l a p  system (qK% 30’). 

configurations with f u l l y  ro t a t ab le  cruise engine th rus t s  are desirable .  

Here again, mixed l i f t  

The s a f e  completion of t he  t r ans i t i on  i n  the  case of engine f a i l u r e s  is, 

however, assured f o r  mixed l i f t  configurations only with c r u i s e  engines 

’ RTW 
can be eliminated. 

r 3  and with d i r e c t  l i f t  configurations only i f  symmetrical shut-offs 

The requirement of  an acoust ic  ground f i e l d  of minimum dimensions (95 

PNdb a t  a la teral  dis tance of 500 f e e t )  cannot be s a t i s f i e d  with v e r t i c a l  l i f t  

engines under development a t ’ t h e  present time. It is ,  however, poss ib le  

through cons is ten t  appl icat ion of v e r t i c a l  l i f t  technology, i * e * ,  through 

vertical  climbing t o  i n i t i a l  t r a n s i t i o n  a l t i t u d e s  of  approximately 300 m and 

the  choice of s u i t a b l e  t r a n s i t i o n  p ro f i l e s  to: 

a t t a i n  a concentration of t he  no i se  nuisance which i s  unavoidable 

a t  t he  present  time i n  the  immediate v i c i n i t y  of the  take-off loca t ion  and 

conduct the subsequent jet-supported and aerodynamical climbing 

f l i g h t  a t  a l t i t u d e s  which minimize the  dimensions of the area exposed t o  the  

highest  permissible sound l e v e l  of 95 PNdb. 
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The higher the  t r a n s i t i o n  a l t i t u d e s  which must be se lec ted  because of 

spec i f ied  minimum dimensions of the  acoustic ground f i e l d ,  the  more pr imari ly  

the d i r e c t  operating cos t s  w i l l  r i s e  compared w i t h  those of t r a n s i t i o n  pro- 

f i l e s  i n  ground v ic in i ty .  

i b l e  a t  t h i s  time (approximately 600 m diameter) o f  95 PNdb, an i n i t i a l  

. t r ans i t i on  a l t i t u d e  ot approximately 300 lil i s  required,  

cos t s  compared with an i n i t i a l  a l t i t u d e  of 15 m is  approximately 11%. 

To a t t a i n  a minimum acous t ica l  ground f i e l d  poss- 

The increase i n  

I Engine design parameters f o r  optbum t r a n s i t i o n  performance and with 

/37 - respec t  t o  minimum acous t ica l  ground f i e l d s  a re  i n  agreement; due t o  the  

t h r o t t l i n g  of the  noise-intensive c ru ise  engines i n  the v e r t i c a l  phase, di- 

r e c t  l i f t  configurat ions y i e l d  lesser acous t ica l  ground f i e l d s  than mixed 

l i f t  configurations.  

9. Notation 

A 

A 'A 

B 

%R 

%O 

dh/dt 

d2h/dt2 

d2s/dt2 

DOC 

F 

GA 

G A / ~  

( - 1  

( - 1  

Lif t ing  power 

Jet-induced d r i f t  

Velocity of sound 

Fuel consumption 

Vert ical  acce le ra t ion  

L i f t  power coe f f i c i en t  i n  c r u i s e  f l i g h t  

Resistance coe f f i c i en t  i n  c r u i s e  f l i g h t  

Zero r e s i s t ance  coe f f i c i en t  

Vert ical  ve loc i ty  

Vert ical  accelerat ion 

Horizontal acce le ra t ion  

Direct operating cos t s  per  seat-km 

Wing a rea  

Take-of f weight 

Wing load 

Gx (kP Payload 

g Wsec  ) Gravity acce lera t ion  2 

(m> Cniise f l i g h t  a l t i t u d e  HR 
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h 

hT 

jE 

j A 

'k 

M 

n 

R 

( - 1  

Alti tude 

I n i t i a l  t r a n s i t i o n  a l t i t u d e  

Input pulse  force  

Output pulse  force  

I n s t a l l a t i o n  losses  i n  cruise f l i g h t  

( i n l e t  pressure drop, a i r  and power 

diversion, def lec t ion  lo s s )  

I n s t a l l a t i o n  l o s s  of l i f t  engines on 

the  stand 

I n s t a l l a t i o n  losses  of cruise engines 

on the s tand  

Mach number , 

Number of engines 

Range 

Gross s tand th rus t  of one engine - 
Net stand th rus t  of one engine 

Thrust of a f a i l e d  o r  shut-off engine 

- 

Specif ic  t h r u s t  

Emergency t h r u s t  reserve of an engine 

Excess t h r u s t  a f t e r  engine f a i l u r e  

Loss of t h r u s t  due t o  cont ro l  

Transit ion d is tance  over ground 

Turbine i n l e t  temperature on s tand 

Turbine i n l e t  temperature i n  climbing 

Turbine i n l e t  temperature i n  c r u i s e  f l i g h t  

Time 

Velocity 

Transit ion ve loc i ty  

Minimum aerodynamic f l i g h t  ve loc i ty  

Ver t ica l  ve loc i ty  
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P 

ges 

HTd 

RW 

R 

Steu 

VTb 

Resistance 

Jet-induced res i s tance  

Number o f  f a i l e d  and shut-off engines 

Angle of a t tack  

Average angle of path i n  climbing 

Fl ight  a t t i t u d e  angle 

Angle of r o t a t i o n  of the t h r u s t  vector  

of  l i f t  engines with respect  t o  the 

longi tudinal  engine axis 
Flap angle 

Aspect r a t i o  

By-pass r a t i o  

Compressor - t o t a l  pressure r a t i o  

Density 

Angle of r o t a t i o n  of the  t h r u s t  vector  

of  c ru ise  engines with respect  t o  t h e  

longitudinal axis of the engine 

Indices 

Undisturbed flow 

Total 

L i f t  engine 

Cruise engine 

Cruise f l i g h t  

Control by i n s t a l l e d  t h r u s t  

Vert ical  take-off 
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